. Plains rough fescue and mountain rough fescue are thought to have evolved under the intermittent grazing pressure imposed by a nomadic buffalo herd (Moss and Campbell 1947) . Both species are tufted although plains rough fescue is capable of producing short rhizomes (Pavlick and Looman 1984) . Under similar growing conditions, alpine rough fescue produces fewer larger tillers with broader lamina (Ring et al. 1995) . Plains and mountain rough fescue are sensitive to summer grazing (Johnston 1961, McLean and Wikeem 1985b) . The response of alpine rough fescue to grazing has not been documented.
The objective of this study was to gain a better understanding of the regrowth response of 3 rough fescue species grown at a range of temperatures. Such information, while adding to our understanding of environmental factors that influence the distribution of the 3 species, could also help to elucidate the basis for the documented sensitivity of mountain and plains rough fescue to defoliation during their period of active growth (Willms 1991 , Gerling et al. 1995 .
Materials and Methods
Plains rough fescue seeds were collected at the University of Alberta ranch (53" 00' N, 111" 36' W), mountain rough fescue seeds were collected at Stavely, Alberta (50" 12' N, 113" 54' W) , and alpine rough fescue seeds were collected near Mayo, Yukon (63" 35' N, 135" 54' W) . Seeds of each species were germinated on moist sand in Petri plates at 20" C in the light and transplanted into pots when the first leaf was approximately 2-cm long. Three seedlings of the same species were established in each 15-cm diameter pot. The growing medium was a mix of equal parts loam, sand, and peat. The plants were maintained in a greenhouse at a temperature of 18" C and a 16-hour photoperiod for 10 weeks. The plants were then cut back to a height of 3.5-cm and 6 pots of each species were randomly assigned to each of 5 growing environments. The pots for this experiment formed a sub-set of a larger experiment described in King et al. (1995) . The growth cabinets (Controlled Environments Ltd., Winnipeg, Man.) were set on an 18-hour photoperiod and temperature regimes of 7:3, 12:8,17: 13,22: 18, and 27:23" C (lightdark) . Photosynthetically active radiation (PAR, 400-700 nm), measured with a quantum sensor (Li-188SB. LI-COR Inc., Lincoln, Nebr. ) at canopy level, averaged 330 umol l m2 l sec.'. The pots were arranged randomly within each cabinet and watered daily. The assumption must be made that the environmental conditions (other than temperature) were similar. Cabinets were the same (size and lighting) and maintained to the same standards. Nitrogen, phosphorous and potassium were supplied through the irrigation system every 2 weeks.
The plants were harvested 3 times to a stubble height of 3.5cm (harvestable biomass), at 4 week intervals. At the first 2 harvests tiller number per plant, dry mass of harvestable biomass, and leaf area were recorded. After the final harvest, plants were removed from the pots and the soil was washed from the roots. Tiller number per plant, leaf area (above 3.5 cm), harvestable dry mass, root dry mass, and crown mass (tiller base, below the 3.5cm cutting height) were recorded. Shoot mass (crown plus harvestable biomass), percent harvestable biomass (harvestable biomass as a percent of total plant biomass) and harvestable biomass per tiller were calculated.
Harvestable biomass was measured from 6 replicates, for each species, for each of the 3 harvests. Roots were measured for tire 6 replicates after the final harvest. For tiller number and biomass per tiller, 6 replicates were measured at the first 2 harvests but only 3 replicates were measured at the final harvest due to time constraints. Leaf area was measured at the fust and final harvests for only 3 replicates, due to time constraints, and at the second harvest for 6 replicates. The 3 replicates measured at the first harvest were not the same as the 3 replicates measured at the final harvest.
Analysis of variance were made for data having a balanced design. Therefore, tiller number and harvest biomass tiller-' were analysed by the first 2 harvests and the third harvest while leaf area was analysed by individual harvests.
Where harvest was a factor in the experimental design, the data were analysed across harvests as a split plot factorial design with temperatures split for species and harvests. The Box's Conservative Correction was applied according to Miliken and Johnson (1984) where harvest, a repeated measure, was a factor. Data were subject to analysis of variance and differences between means tested using Fischer's (protected) least significant difference (P < 0.05)
Results

Harvestable Biomass
There were significant temperature by harvest and harvest by species interactions for dry mass of harvested material (Table 1) . Harvestable biomass was greater at the second and third harvests than at the first harvest for all species at all temperatures except at 27:23" C ( Fig. 1) . At growing temperatures below 17:13"C there was a further increase in harvestable biomass at the third harvest, while at 17:13" C or above the harvestable biomass was equal to or less than that at the second harvest. Harvestable biomass could be ranked: mountain = plains > alpine rough fescue at 12:8" C, plains > alpine > mountain rough fescue at 17: 13" C and plains = mountain = alpine rough fescue at 22: 13" C.
Harvestable Biomass Accumulation and Biomass Partitioning
At the end of the defoliation sequence, accumulated harvestable biomass was greatest at 17: 13" C for alpine and plains rough fescue, and at 12:8" C for mountain rough fescue (Table 2) . Harvestable biomass of alpine rough fescue was always less than that of the other 2 species. At 7:3" C, the dry mass of alpine rough fescue shoots was less than half that of mountain or plains rough fescue. Harvestable biomass at the third harvest, as a percentage of total harvest, was greatest at 17: 13" C and least at 7:3" C in mountain and plains rough fescue, but more variable in alpine rough fescue. Overall, the percent biomass removed at the thiid harvest was significantly less in plains rough fescue than in mountain or alpine rough fescue (Table 2) .
Root mass of alpine and plains rough fescue increased (P < 0.05) with increasing temperature to a maximum at 17:13" C and then declined at higher temperatures (Fig. 2) . In contrast, root mass of mountain rough fescue was similar (P > 0.05) at temperatures of 7:3" C to 17: 13" C but decreased at higher temperatures. Allocation of dry matter to roots was ranked: mountain > alpine = plains rough fescue at 7:3" C; alpine > plains > mountain rough fescue at 17: 13" C; and alpine = plains = mountain rough fescue at all other temperatures (all comparisons were based on P = 0.05). Percent of biomass allocated to roots at the final harvest was: 31.1% at 7:3" C, 31.1% at 12:8" C, 32.2% at 17:13" C, 20.6% at 22:18" C and 19.7% at 27:23" C averaged across species. Percent allocation was similar (P > 0.05) among the first 3 temperature regimes and between the last 2 temperature regimes, but differed (P < 0.05) between the 2 groups. Alpine rough fescue allocated the greatest (PC 0.05) percentage of mass to roots (33.7%) followed by a similar (P > 0.05) proportion by plains (24.9%) and mountain rough fescue (22.4%). The response to temperature was not affected (P > 0.05) by species. Maximum cumulative harvestable biomass for mountain rough fescue was at 12:8" C and at 17:13" C for the other species, giving a significant temperature by species interaction (Table 2 ). At 22: 18" C and 27:23" C, the cumulative harvestable biomass of alpine rough fescue was significantly greater than mountain or plains rough fescue.
Tiller
Number and Dry Mass Per Tiller
Tiller number increased (P < 0.05) from the first to the second harvest for all species and temperatures (Table 1 , Fig. 3) ; this trend appeared to persist to the third harvest (Fig. 3) . Tiller numbers were always least in alpine rough fescue. Plains rough fescue bad higher (P c 0.05) tiller numbers than mountain rough fescue at 17:13" C and 22:18" C. The tillering response to any variable was modified by another as shown by significant (P ~0.05) interactions of temperature by harvest, harvest by species and temperature by harvest by species (Table 1) .
Harvestable biomass per tiller of alpine rough fescue was greater (P c 0.05) at the second harvest than the first at all temperatures above 7:3" C and was always greater, within a harvest and temperature regime, than for the other species (Table 1, Fig.  4) . However, at the third harvest it was similar to, or less than, that of the other species. There were significant temperature by harvest and harvest by species interactions for the first 2 harvests (TabIe 1). At 27:23" C, dry mass per tiller of mountain and plains rough fescue declined at each subsequent harvest.
JOURNAL
OF RANGE MANAGEMENT 51(4), July 1998 Leaf area per plant was greatest at 17:13" C in all species except at the first harvest when maximum leaf area occurred from 17: 13 to 22: 18" C (Table 3 ). Alpine rough fescue had a similar (P c 0.05) leaf area to plains rough fescue at the first and second harvests. At the third harvest, alpine rough fescue had a greater (P < 0.05) leaf area than either mountain or plains rough fescue. The leaf areas of mountain and plains rough fescue tended to be similar (P > 0.05) at all harvests (Table 3) .
Discussion
Species differentiation
The 3 rough fescue species exhibited differences in growth and morphology that may reflect an adaptation to their environment. The lower optimal temperature for biomass production exhibited by mountain rough fescue, than either plains or alpine rough fescue, may be in response to conditions in the eastern foothills of Alberta where soils warm slowly and soil moisture availability is greatest in the spring (Strong 1991) . For alpine rough fescue, a slow growth rate at cool growing temperatures is an advantage in northern environments where spring frosts and snow storms are common and moisture availability remains limited until the soil thaws. The faster tillering rate, at high temperatures, by plains rough fescue can result from rhizome development and may represent an adaptation to opportunistic growth following summer storms.
Plains and alpine rough fescue allocated more biomass to roots under optimal growing conditions than did mountain rough fescue. The proportion of total plant biomass allocated to roots, and total root mass was considerably less under defoliation (20-30%) than was observed in undefoliated plants (30-50%; King et al. 1995) . These different allocation patterns may partially explain the decline in persistence of mountain rough fescue plants when defoliated repeatedly during the season when compared with a 466 JOURNAL OF RANGE MANAGEMENT 51(4). July 1998 
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Sffect is not significant (P > 0.05).
single defoliation at the end of the growing season (McLean and Wikeem 1985b; Willms 1991) . Frequent defoliation may lead to "grazing induced drought" caused partly by reduced rooting depth (Johnston 1961) . The presence of fewer but larger tillers and leaves of alpine rough fescue allows the plant to develop leaf canopy rapidly in spring to optimize photosynthesis during the short growing season. Since carbon stored in tillers is used for regrowth (Briske and Richards 1995) , an investment in tiller mass would provide a storage buffer that could be used to support rapid redevelopment of the canopy following removal. However, this strategy makes the plant vulnerable to frequent defoliation since residual leaf area following defoliation is generally low and redevelopment of the canopy depletes carbohydrate reserves in tiller bases. Such species are usually intolerant of continuous grazing or frequent defoliation regimes. The greater investment in individual tiller mass in alpine rough fescue may be positively related to flower development, since alpine fescue produces seed annually (King, unpublished data) while seed production in plains and mountain fescue is infrequent and unpredictable (Johnston and McDonald 1967) .
In this study, the optimum temperature for regrowth of alpine rough fescue of 17: 13" C was more marked than that for undefoliated primary growth (King et al. 1995) . Allocation of biomass to roots was similar in regrowth and primary growth at this temperature, but was reduced in regrowth compared with primary growth for temperatures on either side of the optimum (King et Table 1. species (Feshrca spp). LSD's are given in Table 1 . al. 1995) . This suggests that alpine rough fescue is more tolerant to defoliation under optimum growing conditions in an early alpine/boreal summer, but less tolerant when defoliated in early spring or at higher temperatures in late summer. Jitcreased tolerance to defoliation through rapid Meting (Richards et al. 1988) does not seem to favor plains and mountain rough fescue over alpine rough fescue. Plains and mountain rough fescue are thought to have evolved under infrequent dormant season grazing by bison (Adams et al. 1993) , and such grazing pressure would not necessarily favor a rapid tillering rate. The rapid tillering rate in these species, coupled with narrow involute leaf blades, may result more from a need to increase canopy size while controlling transpirational losses in environments with frequent summer droughts, rather than a response strategy to tolerate grazing.
Response to temperature Regrowth of the 3 rough fescue species appear to be less affected by temperatures at, or below, their optimum temperature.
Carbon loss by respiration increases dramatically with temperature (Coyne et al. 1995) leading to an amplified stress when harvesting is imposed. On the other hand, as temperatures decrease more carbon remains available for regrowth thereby reducing stress due to defoliation. Under field conditions the stress due to high temperature responses may then interact with the onset of summer moisture deficits to increase plant mortality and reduce sward condition (McLean and Wikeem 1985a) .
All 3 species had lower vigor as indicated by reduced harvestable biomass, tillering rate, and root biomass when defoliated more than twice at temperatures above 17:13" C. The current management recommendation for mountain and plains rough fescue in Alberta is to defer grazing until July when the plants have completed their growth and entered summer dormancy which avoids stressing the plants during the spring when growing conditions are optimum. Summer dormancy appears to be triggered by moisture stress since in this experiment, where water was nonlimiting, none of the plants entered dormancy, even at 27:23" C.
While the results from this study clearly indicate that the species are less resilient to defoliation at above-optimal temperatures, it is probably a complex interaction between temperature sensitive plant growth processes, reduced root production, and the development of moisture deficits in mid-summer which combine to reduce vigor and persistence in all species when frequently defoliated under field conditions. Literature Cited
